Ac Tagging Moves beyond Maize
For decades, transposable elements (TEs) have been a boon to geneticists studying organisms such as E. coli, Drosophila, and maize. By means of their insertion (or excision) from genes, TEs have created arrays of mutant phenotypes that have been helpful in studying gene function. More recently, TEs have taken on an additional role, that of enabling gene isolation: if the insertion of a TE in or near a gene creates an informative or interesting phenotype, the TE can be used as a probe to isolate that gene. TEs have the potential to be particularly useful for gene isolation in the many plants that have large genomes or long stretches of repetitive DNA, both of which hinder chromosome walking. However, in only two plant species, maize and Anfirrhinum majus, are TEs well enough understood at the genetic and molecular levels that they can be used routinely for mutagenesis and gene tagging (for review, see Walbot, 1992) .
Given the dearth of well-characterized plant TEs, a number of investigators have attempted to export maize and Antirrhinum TEs into other plants, with most efforts focusing on maize Acfivafor (Ac). Numerous studies have shown that Acelements are able to move in heterologous plants, including tobacco (Baker et al. 1986 ), tomato (Yoder et al., 1988) , potato (Knapp et al., 1988) , Arabidopsis (Van Sluys et al., 1987) , and petunia (Haring et al., 1989) . Excision can be easily detected in plants carrying a construct in which an Ac element disrupts the function of an excision marker gene: if the Ac excises, the marker gene becomes active. Excision of Ac is often accompanied by its reinsertion at another genomic site, which, as a result of Ac's propensity to transpose to nearby sites in both maize and other plants, is often within 4 map units of the original donor site (for review, see Wessler, 1988) . If this site is in or near a gene, a mutation could be created.
Until now, no mutations have been recovered in heterologous plants that are due to a transposed Ac (frAc), perhaps because most insertions cause no phenotype. As a result, large numbers of lines may need to be screened to identify avisible mutation. But reality has finally caught up with theory: in this issue, Chuck and coworkers (pages 371-378) describe the identification of a petunia line in which a trAc inserted in the Ph6 gene, disrupting corolla pH and, therefore, petal pigmentation. Using Ac as a tag, the authors have cloned DNA from the Ph6 locus.
The frAc in the tagged Ph6 allele was originally located in a streptomycin phosphotransferase (SPT) excision marker gene that had been transferred to the petunia genome by Agrobacterium-mediated transformation. The authors identified a number of plants in which the Ac had excised or transposed and then selfed these plants to make homozygous any recessive mutations. Some of the self-progeny of one plant had a dramatic variegated petal color phenotype in which dark revertant sectors, surrounded bywhite rims, formed against a pale mutant background.
The somatic reversion of the petal calor mutation suggested that it was caused by an excision-competent TE, and molecular and genetic analyses confirmed that the mutation was caused by insertion of a frAc. The range of phenotypes caused by the mutation suggested to the authors that it might represent a lesion in one of the Ph genes, which lower the vacuolar pH in corolla cells, influencing pigment hue. Complementation analysis showed that the variegated petal mutation led to an increase in corolla pH and was, in fact, allelic to Ph6. A genomic fragment adjacent to the Ac insertion site hybridized to a flower-specific transcript on gel blots of RNA from wild-type plants. In plants homozygousfor the Ac insertion mutation, this transcript was replaced with severa1 smaller transcripts that might represent alternative splicing products. Thus, the wild-type transcript is a good candidate to be the product of the Ph6 gene.
The results presented by Chuck and coworkers thus demonstrate that heterologous plant genes can be tagged with maize Ac. Their results also reveal some interesting aspects of Ac behavior in petunia. For instance, as is the case in maize, the timing of Ac excision in petunia depended on genetic background. In some backgrounds, excision from Ph6 took place relatively early in development, giving rise to large revertant sectors; in a different background, the revertant sectors were much smaller, indicating that excision was delayed. Germina1 reversion frequencies were also background dependent. In addition, there is some evidence that transposition increased with increasing dose of Ac. Such a direct relationship is never observed in maize, in which the amount of transposition is inversely related to the dose of Ac, but it has been seen in all other plants. Even though the rates of reversion varied with genetic background, they were fairly high, and Chuck and coworkers conclude that Ac excises as frequently in petunia, at least from Ph6, as it does in maize. Moreover, excision was frequently accompanied by reinsertion elsewhere in the genome.
The identification of an Ac-tagged mutation in petunia is an exciting breakthrough: it confirms that Ac can serve as an effective insertional mutagen in a plant other than maize. However, as the authors point out, the Ph6 gene was tagged serendipitously rather than deliberately. lmprovements are needed that will make it easier to tag a specific, known gene with Ac. The chances of tagging a particular gene with this TE depend to an unknown, but probably large, extent on the location of the donor, Ac-bearing, T-DNA. As the authors also point out, however, determin-
IN THlS ISSUE
ing the location of the T-DNAs in a large collection of plants is time consuming. Still, only when populations of plants are assembled that, among them, contain Ac elements spaced throughout the genome will tagging a specific gene with Ac become feasible. The incorporation of genetic markers into the transposed element would simplify the process of mapping its location, and several labs have done just that (e.g., Bancroft et al.,
1992).
The results in this issue also illustrate a potential downside to using Ac itself as an insertional mutagen: once Ac has inserted into a gene, it may well hop out during propagation of the mutant. Although this is not a problem in the case of a mutation such as Ph6 that has a readily detectable, cell autonomous phenotype, other mutations must be stabilized so that they cannot revert or can do so only when the investigator wants them to. One way to circumvent Ac's inherent ability to transpose is to use a Dissociation (Os) element as the insertional mutagen. Unlike Ac, Os does not encode its own transposase; thus, the ability of the Ds to transpose can be controlled by a separate Ac element. Both Bancroft et al. (1992) and Fedoroff and Smith (1993) have devised such two-element systems for Arabidopsis in which the plants are transformed with two constructs. One contains a marked Os element that is inserted into an excision marker. The other contains an immobilized Acelement and aselectable marker that can be used to select against plants carrying the Ac. Thus, Os excision can first be selected for by the appearance of excision marker activity, and transposed elements can then be stabilized by killing those progeny plants that also contain Ac and, thus, transposase.
Transposon tagging systems could also be improved in several other ways. For instance, if a promoterless GUS gene is included in the element, as Fedoroff and Smith (1993) have done, then enhancers or promoters that direct interesting spatia1 or temporal patterns of gene activity can be detected by staining for GUS activity. In addition, including in the transposing element sequences for plasmid rescue can obviate the need to make and screen a library. That is, if the trAc or trDs is engineered to contain a bacterial origin of replication, then by cleaving genomic DNA with a restriction enzyme that cuts just once within the trAc or trDs, circularizing the DNA, and transforming it into a bacterial host, DNA sequences flanking the element can be cloned directly.
Transposable elements are, of course, not the only way to tag genes in plants. Feldmann (1991) has shown that largescale transformation of Arabidopsis seeds with Agrobacterium tumefaciens can be used to generate a population of T-DNAcontaining plants that, when selfed, show an enormous variety of phenotypes. Many of the T-DNA insertion mutants have turned out to be allelic to known genes, and some of these genes have now been cloned using the T-DNA as a tag (e.g., Marks and Feldmann, 1989; Kieber et al., 1993) . The T-DNA mutagenesis approach does have several drawbacks that TEs do not share. For one thing, because aT-DNA is immobile once inserted, each different line arises from an individual transformant, and generating a large number of transformants is a great deal of work. With a good TE system, by contrast, fewer transformants are needed, because once the element has been transferred to the genome, it can simply be hopped around. This advantage is less pronounced for Ac than it would be for an element such as Mutafor, which seems to be able to transpose anywhere in the maize genome. On the other hand, the tendency of Ac to transpose locally can be a great advantage for targeted mutagenesis if the donor Ac is located near the gene of interest.
TEs have another important property that T-DNA lacks, which is that they can be made to excise, often reverting the mutation. Reversion is an excellent way to correlate the insertion of the TE with a mutant phenotype. In addition, even excisions that don't revert the mutation (e.g., if they leave a few nucleotides behind or take a few with them) are useful because they represent new mutations that may be helpful in genetic and molecular analyses of the gene's function.
The rapid rate at which plant mutants defective in developmental and physiological processes have been identified in the last few years has allowed processes such as flowering, hormone responses, and embryogenesis to be explored in new detail. The cloning of the genes that are thereby implicated in these processes is an essential next step in elucidating the mechanisms that underlie them. The continuing application and refinement of transposon tagging techniques should lead to an explosion of molecular information about all aspects of plant biology-from auxin responses in Arabidopsis to zein synthesis in Zea mays.
Rebecca Chasan

